Summary: Local CBF (LCBF) was determined in the same rat model and at the same intervals of thiamine deficiency and reversal as in previous studies of local cerebral glucose utilization (LCGU) and pH (LCpH). The results showed that prior to the appearance of the clinical sequelae of thiamine deficiency (opisthotonus. which usually occurs on day 18 of deficiency) cerebral struc tures such as the mammillary body. vestibular nucleus, inferior colliculus, and thalamus showed significant hy perperfusion, reaching >200% of control values. At op isthotonus, there was a general decline in LCBF, but. in addition, the larger of these structures developed inhomo geneous perfusion with patches of hyperperfusion ad jacent to others of low flow. Seven days of thiamine replenishment at opisthotonus resulted in delayed hypo perfusion notably in the mammillary body, inferior collic ulus, and thalamic nuclei. Superimposition of the LCBF, LCG U, and LCpH data reveals that structures known to be vulnerable to the development of histological lesions
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administration. This was accompanied by the gradual development of acidosis in the same struc tures (Hakim, 1984) and followed by a rapid focal decline in LCG U just prior to the appearance of opisthotonus , the clin ical consequence of thiamine deficiency in the rat. Histological lesions were not seen at the onset of this state but became evident 1 day later. If the animal was replenished with thiamine at that time, focal alkalosis became evident, proportional to the duration and intensity of the preceding acidosis, and was associated with resumption of glucose uti lization, albeit reaching levels inferior to controls after 7 days of thiamine replenishment (Hakim et aI. , 1983) .
It was thought that measuring local CBF (LCBF) during the induction and reversal of thiamine defi ciency might elucidate some of the mechanisms de termining blood flow to the brain in this model of selective vulnerability. The known coupling be tween cerebral metabolic demand and blood supply would suggest that LCBF would vary with LCG U, but between day 14 and the onset of opisthotonus when LCGU is falling in the vulnerable structures, acidosis is increasing and it is known to have a va sodilating influence (Wahl et at., 1970) . It was there fore of interest to study the effect of these con flicting influences on LCBF.
MATERIALS AND METHODS

General procedure
Rats weighing 225 g were maintained ad libitum on a diet deficient in thiamine (Ralston Purina Inc., Richmond. VA, U.S.A.) and injected intraperitoneally daily for 5 days each week with pyrithiamine 50 fLgll 00 g body weight (Sigma Chemical Company. St. Louis, MO. U.S.A.). Starting 1 day following the appearance of the opisthotonic stage of thiamine deficiency (see below), 5.0 mg of thiamine hydrochloride in 0.5 ml aqueous solution (Winthrop Laboratories, Aurora, Ontario, Canada) was given intraperitoneally on a daily basis. LCBF was de termined in normal rats maintained on regular laboratory diet ad lib, in rats given pyrithiamine for 11. 14. and 17 days and those showing the clinical disorder of opistho tonus, and in rats replenished with thiamine as above for 1 or 7 days. In the replenished group LCBF was mea sured 1 day following the last thiamine injection. Physi ological parameters such as arterial gases. blood pres sure, temperature. and blood glucose concentrations were determined in each animal at the time of the LCBF experiments. Hypothermia, if present, was corrected to between 35 and 36°C with a heating blanket. There were at least five animals in each group.
Determination of LCBF
LCBF was determined by the [14C]iodoantipyrine method of Sakurada et al. (1978) . Briefly. polyethylene catheters were placed in a femoral artery and vein of a rat lightly anesthetized with halothane. The animal was then immobilized from the waist down by means of a loose-fitting plaster cast and was allowed to recover from anesthesia for at least 3 h. Approximately 30 fLCi of [14C]iodoantipyrine (specific activity 1.47 mCi/mmol; Amersham Corp., Oakville, Ontario, Canada) was in jected intravenously in a 1.8-ml solution with saline. The injection was programmed to result in a linear rise of [14C]iodoantipyrine activity in the arterial blood, which was collected from the free-flowing arterial catheter. This blood was collected onto pre weighed filter paper disks placed into small plastic beakers, and the sampling was timed. At I min from the start of injection, the animal was decapitated; the brain was removed, immediately frozen in Freon 12 chilled at -55°C with liquid nitrogen, mounted, coated with embedding matrix, and stored at -70°C until sectioned. At decapitation the beakers con taining the blood were capped and reweighed, and the volume of blood collected was calculated on the basis of an assumed specific gravity of 1.05 glml of blood. The 
Statistical methods
The physiological data and the LCBFs at the difJerent deficiency and replenishment intervals were compared using one-way analysis of variance to detect overall vari ation. Designated comparisons at different intervals with the control group were then carried out by the procedure of Dunnett (1964) . Tr ends indicated by analysis of vari ance coincided with the differences calculated by this method In targeted groups. and only the latter are re ported.
RESULTS
Clinical observations
The rate of weight gain and the development of the clinical sequelae in the pyrithiamine-induced thiamine-deficient animals conformed to previously published data . Briefly, after a lO-day period of weight gain, the animals began to lose weight. Their average weight on day 18 of deficiency was 10% less than the starting value. The animals appeared neurologically normal until the sudden appearance, on the average on day 18, of the stage of opisthotonus consisting of severe weakness, loss of the righting reflex, convulsions, nystagmus, and frequent rigid extension of the limbs.
Physiological determinations
The physiological characteristics of each animal were determined at the start of the LCBF experi ment, and the means for the different groups studied are reported in Ta ble 1. It can be seen that rats deficient in thiamine for 1 I and 14 days showed significantly reduced P02 levels compared with con trols, while opisthotonic and 1 day-reversed ani mals were significantly hyperglycemic. These find ings would appear to be specific to this group of animals since they were not previously noted in thiamine-deficient rats at similar intervals. trois, but areas of severe reduction in blood flow were evident in the centers of the inferior colliculus and in the medial dorsal nucleus of the thalamus. Ta ble 2 shows the LCBF in various structures in normal, thiamine-deficient, and rats replenished with thiamine following opisthotonus. It is seen that blood flow increased throughout the brain on day 11 but in the mammillary body it was 90% higher than control level. This increased perfusion per sisted through day 14 of deficiency. On day 17 the entire thalamus reached perfusion levels more than twice those of controls, while the medial geniculate and the mammillary body still showed significant elevations in blood flow. At opisthotonus, most structures showed evident decline in LCBF from the day 17 levels. This returned LCBF to levels comparable with controls in the previously hyper perfused structures, but LCBF was significantly re duced in all cortical structures, the caudate, and globus pallidus, reaching at times <50% of normal. The superior colliculus was exceptional in showing significantly increased LCBF at this time.
Following thiamine reversal for I day, LCBF re mained depressed in the majority of structures but only rarely significantly. Figure 2 shows LCBF changes as a percentage of controls and illustrates that contrasting events occur following 7 days of replenishment. It is seen that in general, structures that were hyperperfused at opisthotonus, e.g., the mammillary body, inferior colliculus, thalamic nu clei, and superior olive, showed delayed hypoper fusion with prolonged replenishment, while struc tures such as the cortex, which showed decreased blood flow at opisthotonus, regained a higher level of LCBF.
DISCUSSION
Thiamine deficiency is a model of selective vul- Values are means ± SEM, expressed as mJ/I00 g/min. AM, anterior medial; MD, medial dorsal; LD, lateral dorsal. a Local CBF is significantly lower than in normals (day 0), p < 0.05 by the Dunnett procedure. nerability. The vestibular nucleus, the inferior col liculus, the mammillary body, and the thalamic nu clei show histological damage in the advanced stages of deficiency in both the human (Victor et aI., 1971 ) and the rat (Troncoso et aI., 1981) . It is also a model in which the clinical sequelae of thia mine deficiency, referred to in the rat as opistho tonus, are readily reversed by replenishment with thiamine (Cole et aI., 1969; Bonjour, 1980; Hakim et aI., 1983) . In view of these features, and the known sequence of changes in LCGU and in local cerebral pH (LCpH) (Hakim, 1984) during the development and reversal of thiamine deficiency, LCBF would be expected to change strictly as a consequence of the changes in the cerebral metabolic environment. Thus, the present description of early hyperperfusion, inho mogeneous flow (no reflow), and delayed hypoper fusion in thiamine deficiency suggests that these LCBF phenomena must have explanations in terms of glucose utilization, pH changes, or other meta bolic events. Hyperperfusion is a commonly observed phe nomenon in cerebral ischemia (Traupe et aI., 1982) . It can be seen in humans following a stroke (Olsen and Lassen, 1984) and in animals both with (Traupe et aI., 1982; Kagstrom, 1983 a,b) and without (Heiss et aI., 1976) reopening of experimentally occluded vessels. Hyperperfusion may, following an episode of complete ischemia, occur simultaneously with patchy inhomogeneous perfusion referred to as the no-reflow phenomenon. Kagstrom et al. (1983a) conclude that only complete ischemia of whatever cause carries the potential of inducing a no-reflow phenomenon. They do not observe this phenom enon when the ichemia is incomplete (Kagstrom et at., 1983h) . The phase of no reflow could be ame liorated by increasing postischemic perfusion pres sure lfor review, see Hossmann (1982) ], but treat ment with calcium channel blockers does not pre vent it (Smith et a!.. 1983) .
In thiamine deficiency, hyperperfusion and patchy perfusion are separated in time. with the former occurring only selectively up to day 17 of deficiency. while the phase of inhomogeneous per fusion is noted at opisthotonus and later. The hy perperfusion is particularly pronounced in the structures known to be vulnerable to the develop ment of histological lesions in thiamine deficiency. Many of these structures later develop patchy per fusion ( Fig. 1 ) noted in the thalamus and inferior colliculus in every animal. and less predictably in the cortex. which is not considered in this model of thiamine deficiency to be vulnerable (Troncoso et a!., 1981) . This inhomogeneous flow, which is indis tinguishable from the "no reflow" seen in experi mental ischemia (Kagstr6m et a!., 19830) . can be observed in some of these structures even after 1 day of thiamine replenishment. Seven days of thia mine replenishment starting at the stage of opistho tonus produces two distinct effects (Fig. 2) : The structures that showed the earlier hyperperfusion and the phase of inhomogeneous flow develop de layed hypoperfusion, while those that did not show excessive hyperperfusion or consistent inhomoge neous flow (e.g., cortex) regain normal levels of LCBF.
Reasons for the development of the blood flow changes in this model can be speculated upon from a knowledge of the associated LCGU and LCpH changes reported previously Hakim. 1984) . The period up to day 11 of deficiency is associated with a decline in LCGU that is more pronounced in structures known to be vulnerable to thiamine deficiency. The increased perfusion, evidently uncoupled from metabolism at this phase. may be interpreted as an attempt at counteracting the decline in metabolic function and is more pronounced in the structures showing a more rapid rate of decline in LCG U (Hakim and Pappius, 1981) . The mild hypoxia noted in the 11-and 14-day deficient groups (Table I) probably makes an insignificant contribution to the hyper perfusion noted. This initial hyperperfusion may contribute, however. to maintaining LCpH at normal levels despite the block in activity of pyru-vate dehydrogenase and the consequent conversion of pyruvate to lactate in thiamine deficiency (McCandless, 1982) . After day I I the vulnerable structures experience a significant rise in their LCGU, which, despite persisting hyperperfusion, results in focal acidosis evident by day 14. The aci dosis may, through its known vasodilating effect, contribute to the prolongation of the phase of focal hyperperfusion while simultaneously causing a sharp decline in LCG U, which is noted between day 14 and the stage of opisthotonus. Acidosis has been shown elsewhere to be associated with a de cline in LCGU (Van Nimmen et a!. , 1983) . At the stage of opisthotonus, when patchy inhomogeneous flow appears in the thalamus and inferior colliculus, LCGU in these structures is very low and acidosis is at its peak, with pH values of <6.4. This combi nation of opposite influences on LCBF, namely, declining LCGU but increasing acidosis, may be instrumental in bringing on the inhomogeneous per fusion. This is supported by the observation of Ginsberg et a!. (1980) that with glucose pre loading a shorter ichemic episode was necessary to produce perfusion inhomogeneities and depression of LCGU. Ginsberg et a!. (1978) have suggested that no reflow was harmful to recovery. The present work shows that no reflow is more likely to occur in the vulnerable structures and result from under lying metabolic changes.
Following opisthotonus, 7 days of replenishment with thiamine results in the appearance of signifi cant hypoperfusion limited largely to the vulnerable structures (Table 2) . No significant correlation is ev ident in this work between the extent of hyperper fusion at 17 days of deficiency and the development of delayed hypoperfusion, but structures consis tently showing a phase of inhomogeneous flow suffer definite depression of blood flow following replenishment. The structures showing hypoperfu sion following prolonged replenishment are those that show severe acidosis at opisthotonus, and LCGU in them remains depressed following replen ishment suggesting that delayed hypoperfusion results from the reestablishment of coupling between LCGU and LCBF.
Perhaps the most important conclusion from the present work is that hyperperfusion, inhomoge neous flow, and delayed hypoperfusion, phe nomena noted previously only in experimental ce rebral ischemia, can be seen and studied in this model of selective vulnerability that does not ne cessitate primary modification of blood supply. Thiamine deficiency has the additional advantage of spreading over several days phenomena that are compressed into the few hours following exposure J Cereb Blood Flow Metabol, Vol. 6,No. 1, 1986 of the brain to ischemia. Thiamine deficiency should therefore be further explored for possible ionic movement, especially calcium, into the var ious structures at the stages of deficiency and re plenishment. Therapeutic modalities that may modify the metabolic-perfusion changes that have so far been described should also be investigated. Conclusions reached from these studies may be more broadly applicable than in thiamine deficiency alone.
rebral artery occlusion and cerebral infarction in the acute state based on interpreting severe hyperemia as a sign of embolic migration. 
